+Model
SNB-10538; No.of Pages 8

Available online at www.sciencedirect.com

ScienceDirect

Sensors and Actuators B xxx (2008) xxx—xxx

CHEMICAL

www.elsevier.com/locate/snb

Thermal desorption pre-concentrator based system to
assess carbon dioxide contamination by benzene

C. Duran®*, X. VilanovaP®, J. Brezmes®, E. Llobet®, X. Correig®

2 Department of Electronic Engineering, University of Pamplona, Km 2 Via Bucaramanga, Pamplona, Colombia
Y MINOS, Dept. Enginyeria Electronica, Universitat Rovira i Virgili, Avda. Paisos
Catalans 26, 43007 Tarragona, Spain

Abstract

A new multisensor system based on a thermal desorption pre-concentrator has been used jointly with a tin oxide gas sensor array to asses the
contamination of carbon dioxide by benzene. The results obtained show that using this type of pre-concentrator, it is possible to detect benzene at

ppb levels even in the presence of other pollutants at ppm levels.

The system uses a Carbopack B unit that absorbs benzene traces and then releases them concentrated in a factor greater than 200 and is capable
of classifying benzene samples down to 10 ppb in a CO, flow with different volatile interferences. The e-nose reached a 100% success rate in
the classification and identification of the benzene, CO, and pollutants. These results show that e-nose technology can be a useful tool as quality

control in the beverage industry.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The safety and quality control of food products is becom-
ing a priority issue in developed countries. This means that new
and more restrictive legislation is being issued by governments
to answer the public awareness of the situation. In the case
of gaseous beverages such as sodas and beers, the quality of
the CO, used is of vital importance to comply with the rec-
ommendations of the ISBT (International Society of Beverage
Technologists) [1].

The International Society of Beverage Technologists (ISBT)
has defined the quality standards for the CO» to be used in this
application, defining a threshold limit for benzene in 20 ppb,
while other hydrocarbons like methane can be present in con-
centration up to 30 ppm. Metal oxide gas sensors has shown to
be candidates for assessing the carbon dioxide quality for these
application in low cost equipments to be placed in the beverage
production plants [2,3].

Nevertheless the sensitivity to benzene does not accomplish
the requirements. So, a pre-concentrator system to increase the
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sensors response to benzene has been used in combination with
a gas sensor array to extend the measuring range as proposed in
[4,5].

To cope with newer legislation requirements, expensive
instruments are being used to control CO; quality at the produc-
tion plant [6,7]. Nevertheless, these instruments do not provide
on-line analysis and they require specialized personnel to oper-
ate them. Moreover, they cannot be used in the transportation of
the stage or in the customer plant, phases where the product can
be contaminated by external sources.

The work presented in this paper has been developed to
address a real need by a CO, production plant in Spain. The
main goal of the application that will be described is devoted to
the detection of benzene down to the values recommended by
the ISBT (around 5-10 ppb) in a CO; flow with a 99.95% purity
level. Even at this purity value, many interfering volatiles can
still be found, as described in Table 1. These requirements should
be achieved with a cheap and reliable system that could be easily
installed, operated and maintained at the customer facilities or
even embedded in the transportation system.

To achieve such ambitious goals a carefully devised research
and development effort has been planned. The first stage of such
a plan is to design a prototype to evaluate the feasibility of the
approach selected. For the first time, a prototype based on a semi-
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Table 1
Typical contaminants with their maximum concentrations allowed in 99.95%
purity CO,

Pollutant Maximum concentration allowed
Water (ppm) 8
Total aldehydes (ppb) 200
Ammonia (ppm) 2
Benzene (ppb) 20
Nitrogen dioxide (ppb) 500
Sulfide dioxide (ppm) 2
Heavy hydrocarbons (ppm) 1
Volatile hydrocarbons (ppm) 20
Methane (ppm) 30
Carbon monoxide (ppm) 2
Nitrogen (ppm) 40
Nitric oxide (ppm) 2.5
Oxygen (ppm) 9
Hydrogen sulphide (ppb) 500

Bold value indicates the principal pollutant of investigation in the work.

conductor multisensor array coupled to a thermal desorption unit
has been proposed to detect benzene under a CO flow.

The coupling of thermal desorption units to multisensor
systems based on semiconductor gas sensors to enhance their
sensibility has been proposed before [§—15]. Anyhow, these sys-
tems have never been used under a CO; atmosphere, since the
general belief that tin oxide gas sensors need oxygen to interact
have prevented their use in this type of applications. Never-
theless, recent publications prove that these types of sensors
perform in a similar way under a CO, atmosphere. Moreover,
in the prototype designed a novel and simple made-in-house
design has been proposed and tested for the thermal desorption
unit.

This paper has been organized in four different sections.
The second chapter describes the experimental of the proto-
type fabricated, including the design process followed until the
definitive prototype has been completed. Section 3 describes the
results obtained and discusses the suitability of the instrument
designed to the application sought. Finally, Section 4 outlines
the conclusions of our work.

Flow controller

Online System (A),Supply of CO,

Optional

2. Experimental
2.1. General configuration

The system initially proposed consists of four different
electro-valves, a platform with the thermal desorption unit, a
sensor chamber, electronic circuitry and a personal computer
system to control the measurement process, acquire sensor sig-
nals and to process those signals into useful information. Fig. 1
shows the configuration proposed.

The measurement process starts when electro-valves 1 and 4
redirect the CO, flow to the adsorption system as the dashed line
illustrates. In this configuration, benzene impurities are absorbed
in the carbon powder during a predefined period of time. Once
the concentration phase is finished, the thermal desorption phase
can be activated using the same circuit or in the other direction,
changing the position of electro-valves 2 and 3. Electro-valve
5 has been included to maintain the same flow in the sensor
chamber no matter the measurement phase.

The sensor chamber houses a minimum amount of sensors (4
units) in order to minimize the dead volume of the system and
the energy consumption. A software controls the measurement
process in real-time so that the system completes each mea-
surement in the same way in order to obtain a repetitive set of
measurements.

2.2. Sensor array design and optimisation

Two different sensor chambers were designed for the system.
The first chamber (seen in Fig. 2) was specifically designed to
determine which sensors were going to be housed in the final
prototype. With that goal in mind, the chamber was capable of
housing up to 15 sensors at the same time.

Using the first chamber, measurements were performed to
determine the sensitivities of 21 different sensors against ben-
zene. Table 2 describes the sensors tested. In order to be sure
about which sensors were more sensitive to benzene, concen-
trations of 20, 7, 5 and 2ppm were measured with all 22
sensors. Table 3 describes the sensors chosen after determin-

2
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Fig. 1. Plant of the prototype.
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Fig.2. Sensor chamber, capacity 15 commercial sensors (FIS and Taguchi TGS).

Table 2
Metal oxide sensors

Amount Type Application

Taguchi (series-8)

1 TGS-800 Air quality, smoke, benzene
2 TGS-821 Hydrogen
1 TGS-880 Nourishing product scents
1 TGS-813 Combustible gas
1 TGS-842 Methane, natural gas
2 TGS-822 Organic dissolvents
2 TGS-823 Organic dissolvents (benzene)
2 TGS-826 Ammoniac
FIS (series-SP)
2 SP-MWO0 General intention; kitchen control.
2 SP-11-00 General purpose; inflammable steam
2 SP-53 Hydrocarbons
2 SP-AQ2-00 Air quality, VOC’s
2 SP-AQ3-00 Combustible gas

ing the best sensitivities (defined as the normalized conductance
increment).

The final chamber housed the four most sensitive sensors
against benzene. Fig. 3 shows how the chamber was fabricated;
it is made in stainless steel and sufficiently robust for the appli-
cation. The three pieces that form are symmetrical, and they are
fixed with others with screws for which make a pressure the one
on the other. The dead volume was minimized to 0.6 ml with
external dimensions of 10 mm x 10 mm x 6 mm.

Table 3
Sensors chosen after determining the best sensitivities (defined as the normalized
conductance increment)

Sensor Normalized conductance (Cyax — Ci)/C;
TGS 800 0.6011
TGS 822 0.7648
TGS 823 1.3995
SP 31 1.4926

Fig. 3. Sensor chamber fabricated with dead volume.

2.3. Design and fabrication of the thermal desorption unit

The thermal desorption unit envisaged for the system had to
comply with three different features:

e High temperature heating, up to 350 °C, since carbon concen-
trators need a temperature higher than 300 °C to be activated
and to be cleaned completely.

e Low thermal inertia to be able to ramp up temperature as fast
and accurate as possible.

e Easy coupling of temperature proves to accurately monitor
heating temperature.

Different systems were proposed and carefully evaluated.
Fig. 4 shows a schematic diagram of the approach chosen in the
end. For this system a heating wire (Inc. Engineering Omega)
and glass tube (Borosilicate) were used in the application. The
filament of 0.50 mm diameter is made of nickel-chromium,
which is used in applications with high temperatures, for exam-
ple furnaces and radiators. These wires can reach temperatures
over 1000 °C.

Table 4 shows the temperatures and transient times achieved
by this system. Fig. 5 shows a real picture of the device con-
structed. Table 5 shows the characteristics of this material.
Temperature was controlled using a k-type thermocouple. Fig. 6
shows the electronic circuit connected to the thermocouple
used.

Table 4

Temperatures and transient times achieved by thermal desorption unit

#Test  Current (A) 100°C (s) 150°C (s) 200°C(s) 250°C(s)
1 4.40 1.5 2.55 5.5 6.5

2 4.43 1.5 2.5 52 6.3

3 445 1.2 23 5 6

4 4.45 1.2 22 5 6

5 4.50 1 2 4 5

6 4.55 1 2 4 5
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Fig. 4. Schematic diagram of the approach chosen in the end.

The tube was filled with Carbopack B absorbent. An amount
of 400 mg adsorbent was used, located internally in the glass
tube, with 15 cm (9 cm for the adsorbent one) length, 7 mm of
external diameter and 3.65 mm of internal diameter. Two fiber

Fig. 5. Thermal desorption unit constructed.

Table 5

Characteristics of the material

Adsorbent Carbopack B
Mesh 60/80
Surface area (m2/g) 100

Density (g/ml) 0.36
Application Cs—Cyp

glass corks of 5 mm each one were located in each one of the
ends of the tube with the objective to avoid that the charcoals
moved to the outside due to the gas flow. The total volume of
the tube was of 0.86 ml (cm3).

2.4. System automation

In order to obtain repetitive results, the whole measurement
process had to be automated. In fact, the automation of the equip-
ment was one of the initial premises that had to be proved if
the system ever becomes commercially available. A PC was
in charge of the measuring process, controlling the following
devices:

o All the electro-valves

e A current controlled source, with a maximum amperage of
4A

e The sensor chamber

Fig. 7 shows the final system configuration with the different
subsystems. Different lines show the different pathways that
could be used. One possibility is to use the solid line for both
absorption and desorption. A second possibility is to use the
dashed line for absorption and the solid line for desorption.

Fig. 6. Control circuit (thermopar type k).

Fig. 7. The final system configuration with the different subsystems.
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Fig. 8. Chronogram of the measurements made with the prototype.

3. Results and discussion
3.1. Experimental design

Fig. 8 shows the chronogram of the measurements made with
the prototype. Initially, synthetic dry air cleans the adsorbent
during 20 min, to make sure there are no rests from previous
measurements. After that, contaminated CO, (with a given con-
centration of benzene) was directed through in the adsorption
tube during 10 min. After those 10 min, a flow of CO, was
applied during 2 min to stabilize the sensor response before
applying the current to heat the adsorbent, which lasted ten addi-
tional minutes. After that, 8 additional minutes where used to
cool the system.

With this approach, 200 °C where reached during the des-
orption phase and 25 °C after the cooling period. In most of the
cases a second desorption cycle was performed in order to assure
the complete desorption of the benzene. Fig. 9 shows the sensor
array response to three consecutive desorptions. It can be seen
that after the first desorption cycle, the second and third bear no
sensor response, assuring that the first one desorbed completely
the benzene concentrated.
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Fig. 9. Sensor array response to three consecutive desorptions.

3.2. Measurements

A set of 65 measurements were performed, and obtained with
adsorptions of 150, 70, 20 and 10 ppb of benzene under a CO;
flow. Tables 6-8 shows the different mixtures measured with
10 ppb and 20 ppb of benzene and their codification, where it
can be seen that clean CO, and CO» plus other interferences
were also included in the measurement set to classification.

The gas sensor electrical conductance has been monitored and
acquired. The information processed has the maximum value of

conductance during the desorption process.

Table 6
Different mixtures measured with 20 ppb of benzene

Compound

Mixture

20 ppb benzene (CgHg) + 5 ppm methane (CH,) + 2 ppm CH3OH

(methanol + CO,)
20 ppb benzene + 25 ppm methane (CHy) + 10 ppm CO + CO,
CO, C-45
20 ppb benzene (CgHg) + CO2
0.1 ppm SO, +CO,
E + 20 ppb benzene + CO,
25 ppm methane (CHy) + 10 ppm CO + CO,
G +20 ppb of benzene + CO,
5 ppm of methane + 2 ppm methanol + CO,
1+ 20 ppb of benzene + CO,
4 ppm methanol + CO,
K+ 20 ppb of benzene + CO,
1.5 ppm (argon+ O2) + COy
M + 20 ppb benzene + CO;

ZZoORT"TZIomMmEmoOw

Table 7
Different mixtures measured with 10 ppb of benzene

Compound

Mixture

CO, C-45
10 ppb benzene + 4 ppm of methanol + CO;

10 ppb benzene + 5 ppm methane (CHy) and 2 ppm methanol + CO,

10 ppb benzene + 25 ppm methane (CHy) + 10 ppm CO + CO,
10 ppb benzene (CgHg) + 0.1 ppm of SO, + CO;

10 ppb benzene (CgHg) + CO»

10 ppb + 1.5 ppm of O, +argon + CO,

NN R W=
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Table 8

Itis clear that the system devised is able to discriminate mea-
Different mixtures measured and their codification to classification

surements with as low as 10 ppb compared to pure CO, or CO;

# Measurement  Compound Codification with other interfering species.

2 20 ppb of benzene + interferences + CO, 20 A fuzzy artmap neural network was applied with a lfaaYe-oge—

18 10 ppb of benzene + interferences + CO» 10 out approach to see how well a neural network could distinguish

15 Interferences + CO» IN between the different situations. Tables 9 and 10 show the results
8 COy C

considering a classification comprising all the species, a cate-
gorization between 20 ppb, 10 ppb and no benzene samples and
presence/absence of benzene.
3.3. Results From the results it is clear that the system is capable of detec-
tion reliably up to 10 ppb of benzene despite the presence of
Figs. 10 and 11 shows two PCA graph were it can be seen the other interferences gas. With these results we have evaluated the
different clusters corresponding to different types of measure- capacity to detect 10 ppb of benzene in a flow of CO; connecting
ments. an electronic nose to a stage of thermal desorption. In the end,

Scores for PC# 1 versus PCH2, 1ppb, 20ppb, Interferences CO,
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Fig. 10. PCA graph with different types of cluster (10 ppb, 20 ppb, interferences and CO,).
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Table 9
Classification with four categories (10 ppp, 20 ppb, interferences and CO, pure)

Normalization method Success rate with the fuzzy

ARTMAP (%)
Auto-scaled 89
Mean-centring 84
Matrix normalization 89
Sensor normalization 87

Table 10
Classification with three categories (10 ppb with 20 ppb, interferences and CO,
pure)

Normalization method Success rate with the fuzzy

ARTMAP (%)
Auto-scaled 97
Mean-centring 92
Matrix normalization 95
Sensor normalization 94

the detection of benzene in a CO; flow was of 97% success rate
using the normalization method “Auto-scaled”.

4. Conclusions

The results obtained in this work show that is possible to
determine contamination of carbon dioxide by benzene at trace
levels even in the presence of other pollutants at ppm levels com-
bining a pre-concentrator and a gas sensor array. Nevertheless,
the system in the present form does not allow to determine the
benzene concentration.

We have demonstrated how a multisensor system based on
semiconductor gas sensors is able to detect down to 10 ppb of
benzene under a CO, atmosphere despite the presence of other
contaminant species. The use of a cheap made-in-house thermal
desorption unit has the potential to boost sensitivity between
100 and 500 times the one showed by the sensor system alone,
making the detection of ppb traces of benzene possible in such
application.
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